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Abstract. Black hole spin is a quantity of great interest to both physicists and
astrophysicists. We review the current status of spin measurements in supermassive
black holes (SMBH). To date, every robust SMBH spin measurement uses X-ray
reflection spectroscopy, so we focus almost exclusively on this technique as applied to
moderately-luminous active galactic nuclei (AGN). After describing the foundations
and uncertainties of the method, we summarize the current status of the field. At the
time of writing, observations by XMM-Newton, Suzaku and NuSTAR have given robust
spin constraints on 22 SMBHs. We find a significant number of rapidly-rotating SMBHs
(with dimensionless spin parameters a > 0.9) although, especially at the higher masses
(M > 4 × 107M⊙), there are also some SMBHs with intermediate spin parameters.
This may be giving us our first hint at a mass-dependent spin distribution which would,
in turn, provide interesting constraints on models for SMBH growth. We also discuss
the recent discovery of relativistic X-ray reverberation which we can use to “echo
map” the innermost regions of the accretion disk. The ultimate development of these
reverberation techniques, when applied to data from future high-throughput X-ray
observatories such as LOFT, ATHENA+, and AXSIO, will permit the measurement
of black hole spin by a characterization of strong-field Shapiro delays. We conclude
with a brief discussion of other electromagnetic methods that have been attempted or
are being developed to constrain SMBH spin.
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1. Introduction
Supermassive black holes (SMBHs) are commonplace in today’s Universe, being found
at the center of essentially every galaxy [1]. As such, they have attracted the attention
of astrophysicists and physicists alike. Astrophysicists have long been fascinated by
the extremely energetic phenomena powered by the accretion of matter onto black
holes [2]. Beyond the natural draw of studying “cosmic fireworks”, it is now believed
that the energy released by growing SMBHs is important in shaping the properties of
today’s galaxies and galaxy clusters [3, 4]. Thus, SMBHs are important players in the
larger story of galactic-scale structure formation. To the gravitational physicist, SMBHs
provide the ultimate laboratory in which to test the prediction of General Relativity
(GR) and it’s extensions [5].
This article discusses recent progress in observational studies of strong gravitational
physics close to SMBHs and, in particular, the characterization of black hole (BH) spin.
In order to bring focus to this discussion, we shall address exclusively studies of SMBHs.
A large body of parallel work exists directed towards stellar-mass BHs; we direct the
interested reader to some excellent reviews [6, 7]. Before beginning our discussion, it
is worth reiterating why SMBH spin is an interesting quantity to pursue. Assuming
that standard GR describes the macroscopic physics, spin provides a powerful way to
probe the growth history of SMBHs and, ultimately, their formation pathways (an issue
that remains mysterious). In essence, scenarios in which SMBH growth is dominated
by BH-BH mergers predict a population of modestly spinning SMBHs, whereas growth
via gas accretion can lead to a rapidly-spinning or a very slowly-spinning population
depending upon whether the accreting matter maintains a coherent angular momentum
vector over the time it takes to double the BH mass [8, 9]. SMBH spin can also be
a potent energy source, and may well drive the powerful relativistic jets that are seen
from many BH systems [10, 11]. On more fundamental issues, generic deviations from
or extensions to GR tend to show up at the same order as spin effects (e.g. [12]) —
thus observational probes capable of diagnosing spin are also sensitive to physics beyond
GR. In addition, spinning BHs have recently been shown to be unstable in extensions of
GR with massive gravitons; for sufficiently massive gravitons, SMBHs should spin down
on astrophysically-relevant timescales [5, 13] (although see [14]). Thus, observations of
spinning SMBHs can set upper limits on the graviton mass.
We structure this paper as follows. In Section 2, we briefly review the basic
physics relevant to the discussion of accreting SMBHs. In Section 3, we describe
the basic anatomy of an accreting SMBH (Section 3.1), and then present the main
tool employed to measure BH spin, namely X-ray reflection spectroscopy (Sections 3.2
and 3.3). We illustrate the method with a detailed discussion of the SMBH in the
galaxy NGC 3783 (Section 3.4), discuss the uncertainties and caveats that should
be attached to these spin measurements (Section 3.5), and then summarize recent
attempts to map out the distribution of BH spins (Section 3.6). While the long-term
future of precision SMBH spin measurements will likely be dominated by space-based
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gravitational wave astronomy [15](GWA), Section 4 concludes with a brief discussion
of other electromagnetic probes of spin that are complementary to X-ray spectroscopy
and can be developed in the pre-GWA era.
In what follows, the mass of the SMBH shall be denoted M . Following the usual
convection, we shall mostly use units in which G = c = 1; thus, length and time are
measured in units of M with 1M⊙ ≡ 1.48 km ≡ 4.93µs
2. Review of the basic physics
We begin by stating two basic but important facts about a SMBH at the center of a
galaxy. Firstly, the BH is believed to dominate the gravitational potential out to at
least 105M . Secondly, the ubiquitous presence of plasma in the galactic environment
precludes any significant charge build-up on the BH. Assuming standard GR (as we
shall do henceforth), these two conditions imply that the spacetime is characterized
by the Kerr metric [16], parameterized solely by the mass M and dimensionless spin
parameter a ≡ Jc/GM2, where J is the angular momentum of the BH. Following the
usual astrophysical convention, we shall work in Boyer-Lindquist coordinates [17] in
which the Kerr line element is given by
ds2 = −
(
1− 2Mr
Σ
)
dt2 − 4aM
2r sin2 θ
Σ
dt dφ+
Σ
∆
dr2 (1)
+ Σ dθ2 +
(
r2 + a2M2 +
2a2M3r sin2 θ
Σ
)
sin2 θ dφ2,
where ∆ = r2 − 2Mr + a2M2, Σ = r2 + a2M2 cos2 θ. The event horizon is given by the
outer route of ∆ = 0, i.e., revt =M(1 +
√
1− a2).
There are two other locations of special astrophysical importance within the Kerr
metric. The surface defined by Σ = 0 (which completely encompasses the event horizon)
is the static limit; within the static limit, any (time-like or light-like) particle trajectory
is forced to rotate in the same sense as the BH as seen by a distant observer (i.e.
dφ/dt > 0). The stationary nature of the spacetime (i.e. the existence of a time-like
Killing vector, ∂t) allows us to define the total conserved energy of any test-particle orbit
around the BH. A curious property of the Kerr metric is the existence of orbits within
the static limit (but exterior to the event horizon) for which this conserved energy is
negative. Penrose [18, 19] showed that the existence of these orbits permits, in principle,
the complete extraction of the rotational energy of a spinning BH, resulting in this region
being called the ergosphere. Blandford & Znajek [10] demonstrated that magnetic fields
supported by currents in the surrounding plasma can interact with a spinning BH to
realize a Penrose process; this is the basis of spin-powered models for BH jets.
A second astrophysically important location is the innermost stable circular orbit
(ISCO), i.e. the radius inside of which circular test-mass (time-like) orbits in the θ = pi/2
plane become unstable to small perturbations. This is given by the expression,
risco =M
(
3 + Z2 ∓ [(3− Z1)(3 + Z1 + 2Z2)]1/2
)
, (2)
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where the ∓ sign is for test particles in prograde and retrograde orbits, respectively,
relative to the spin of the BH and we have defined,
Z1 = 1 +
(
1− a2
)1/3 [
(1 + a)1/3 + (1− a)1/3
]
, (3)
Z2 =
(
3a2 + Z21
)1/2
. (4)
For a = 1 (maximal spin in the prograde sense relative to the orbiting particle), we
have risco = M . This is the same coordinate value as possessed by the event horizon
but, in fact, the coordinate system is singular at this location and there exists finite
proper distance between the two locations. As a decreases, risco monotonically increases
through risco = 6M when a = 0 to reach a maximum of r = 9M when a = −1
(maximal spin retrograde to the orbiting particle). As we discuss below, the ISCO sets
an effective inner edge to the accretion disk (at least for the disk configurations that we
shall be considering here). Thus, the spin dependence of the ISCO directly translates
into spin-dependent observables; as spin increases and the radius of the ISCO decreases,
the disk becomes more efficient at extracting/radiating the gravitational binding energy
of the accreting matter, the disk becomes hotter, temporal frequencies associated with
the inner disk are increased, and the gravitational redshifts of the disk emission are
increased.
3. X-ray spectroscopic measurements of SMBH spin
We now turn to a discussion of the main observational technique that has been used to
date to obtain robust measurements of SMBH spin — X-ray reflection spectroscopy.
3.1. Basic structure of a SMBH accretion disk
In order to characterize the rather subtle effects of BH spin, we must select
astrophysical systems that we believe possess particularly simple and well-defined
accretion geometries. In our discussion, we only consider sources that have “moderately
high” accretion rates, i.e., those with luminosities in the range ∼ 10−2LEdd to ∼ 0.3LEdd
where LEdd ≈ 1.3× 1031(M/M⊙)W is the usual Eddington limit (the luminosity above
which fully ionized hydrogen is blown away from the BH by radiation pressure). This
means that we are studying bonafide active galactic nuclei (AGN). For such systems,
the accretion geometry is described by the cartoon shown in Fig. 1. Outside of the
ISCO, the accretion disk is geometrically-thin and consists of gas following almost test-
particle circular orbits (hereafter, we shall use the term “keplerian motion” to mean
test-particle circular orbits). The gradual re-distribution of angular momentum by
magnetohydrodynamic (MHD) turbulence within the disk [21, 22] leads to a gradual
inwards radial drift of matter superposed on this background of circular motion. Inside
of the ISCO, material spirals rapidly into the BH approximately conserving energy and
angular momentum. The radial velocities become relativistic (becoming c at the horizon
itself) and so, by conservation of baryon number, the density of the flow plummets
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Figure 1. Schematic sketch of the accretion disk geometry discussed in Section 3.1.
The accretion disk is geometrically-thin and flat (in the symmetry plane of the Kerr
BH). Within the ISCO, the flow plunges into the BH, effectively truncating the disk
signatures at the ISCO. In SMBH systems, the disk has a temperature of ∼ 105K
and the X-rays arise from a geometrically extended structure (the “corona”) elevated
off the disk plane. The X-ray source irradiates the accretion disk’s surface, producing
observable reflection signatures in the X-ray spectrum. Figure courtesy of Lijun Gou,
closely following similar figure in [20].
within this region, and the matter becomes fully ionized. Indeed, it may even become
optically-thin as indicated in the cartoon. The transition of the accretion flow from
approximately circular motion to inward plunging at the ISCO is particularly important
for our discussion — it sets an inner radius to the region of the disk that produced any
observable effects.. This transition is seen in MHD simulations of accretion disks [23, 24],
although a full characterization of the inner disk structure must await the development of
global, radiation-dominated GR-MHD simulations. Noting that accretion disk theory is
still an active and on-going field of research, we shall proceed under the assumption that
this transition occurs at the ISCO (although, as we shall point out when appropriate,
small shifts in the transition away from the ISCO due to finite disk thickness effects
may well be an important source of systematic error for BH spin).
In general, of course, the angular momentum vector of the incoming material
about the BH (and hence the orientation of the accretion disk at large radius) may
be misaligned with the spin angular momentum of the BH. In what is now the standard
picture, Bareen & Peterson [25] argue that the effects of differential Lens-Thirring
precession slave the inner accretion disk to the BH symmetric plane (θ = pi/2), producing
a disk that gradually twists from alignment with the mass reservoir at the outside, to
alignment with the black hole in its inner region. The Bardeen-Petterson argument
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suggests that the inner r ∼ 100M of the accretion disk will be essentially flat in
the θ = pi/2 plane. However, the details of this process, including the value of the
characteristic warp radius, depends upon the transport of the out-of-plane angular
momentum in an MHD turbulent disk; only now has it become tractable to examine
this problem with MHD simulations and we eagerly await results. For the rest of the
discussion, the effects of disk warping shall be neglected.
The temperature of the inner accretion disk around a SMBH for these accretion
rates is generally in the range 105 − 106K; the resulting thermal (quasi-blackbody)
emission produces a strong bump peaking in the UV/EUV. Indeed, this UV bump can
often dominate the observed energy output of an AGN. However, essentially every AGN
also shows significant emission in the X-ray band. This has the form of a power-law
component with flux-density F (ν) ∝ ν−α, α ≈ 1, and can carry up to 10–20% of the total
power radiated by the AGN. This “hard component” emission must arise from much
hotter, optically-thin material associated with either a magnetically heated “corona”
above the disk or dissipation in the base regions of a jet (the yellow cloud in Fig. 1).
On the basis of detailed spectral studies, the most likely physical process producing
the X-ray emission is the inverse Compton scattering of optical/UV photons from the
accretion disk by ∼ 109K electrons in the corona.
3.2. X-ray “reflection” from the SMBH accretion disk
This configuration of a flat, thin, cold, keplerian disk below a strong continuum X-ray
source proves to be fortuitous. The observed X-ray emission is (usually) dominated
by radiation that comes straight from the corona to us. However, the X-rays from the
corona also irradiate the accretion disk. With energy-dependent ratios, the incident
photons are either photoelectrically-absorbed by ions in the surface layers of the disk
or Compton scattered back out of the disk. The de-excitation of the resulting excited
ions produces a rich X-ray spectrum of radiative-recombination features and fluorescent
emission lines. Collectively, the Compton scattered continuum and these emission
features make up (what is poorly termed) the X-ray reflection spectrum [26, 27, 28, 29].
A representative calculation of the rest-frame X-ray reflection (using the xillver
code of [29]) is shown in Fig. 2 (left). Particularly important is the iron-Kα line at
6.4 keV [30]. This line is strong due to the high astrophysical abundance and high
fluorescence yield of iron. It is also relatively isolated in the spectrum, making it easy
to identify and characterize even if it is strongly broadened and distorted (as we will
discuss in Section 3.3). However, there are other characteristic features of the reflection
spectrum. At low X-ray energies, the spectrum is dominated by a dense forrest of
emission lines from low atomic number elements (with N, O, Ne, Mg, Si, and S being
particularly important). At high X-ray energies, the absorption cross-sections become
small and Compton-scattering dominates, producing a broad hump in the spectrum
that peaks at 20–30 keV. Of course, the precise form of the spectrum depends upon
several things, most notable (i) the ionization state of the disk surface (characterized
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Figure 2. Left panel : Incident power-law continuum (red dashed line) and rest-frame
reflection spectrum produced by the accretion disk (solid blue line) computed using
the xillver model of [29] assuming an ionization parameter of ξ = 5 erg cm s−1 and
cosmic iron abundance. Right panel : Effects of relativistic Doppler and gravitational
redshift effects on this reflection spectrum assuming a viewing inclination of i = 30◦,
irradiation index of q = 3, and a rapidly spinning BH (a = 0.99; black line) or non-
spinning (a = 0; blue line) BH.
by the ionization parameter ξ = 4piFion/n where Fion is the ionizing flux impinging on
the disk surface and n is the electron number density at the X-ray photosphere), (ii)
the elemental composition of the disk matter (with the iron fraction being of special
importance), and (iii) the shape of the irradiating continuum.
3.3. Relativistic effects and spin-effects in the X-ray spectrum
The geometry outlined above is a relativists dream — the accretion disk is a thin
structure following almost test-particle orbits close to the BH and emitting well-defined,
sharp spectral features. The observed spectrum will thus be strongly modified by
relativistic Doppler shifts and gravitational redshift (see Fig. 2 [right]). By identifying
these spectral features and modeling the broadening effects we can determine the
properties of the accretion disk itself (e.g., the ionization state of the surface layers
and the elemental abundances of the disk) as well as the inclination of the disk and the
location of the ISCO (hence the BH spin).
Operationally, the analysis of real data is facilitated by making the approximation
that the rest-frame disk reflection spectrum is invariant across the region of interest.
We then model the observer-frame spectrum by convolving the reflection spectrum with
a kernel describing the GR photon transfer effects (Doppler and gravitational shifts).
This kernel is constructed by ray-tracing from the the disk surface (θ = pi/2 plane) to
the observer, taking full advantage of the conserved quantities in the Kerr metric (see
[31] for a review of this calculation). The kernel depends upon the viewing inclination of
the accretion disk and the BH spin. It also depends upon the radial distribution of the
irradiating X-ray flux (and hence the weight that should be given to each radius of the
disk in the blurring kernel); this is an unknown function and something we would like to
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Figure 3. Th 2009 Suzaku spectrum of NGC3783 ratioed against a power-law
continuum. Figure from [39].
determine from the data. Thus, these kernels are calculated and tabulated as a function
of emission radius, and the full kernel is constructed (for a given viewing inclination and
spin) by integrating over radii weighted by the irradiation profile [32, 30, 33, 34]. We
commonly parameterize the irradiation profile with a power-law form, Fion ∝ r−q, where
q is known as the irradiation index. High-quality datasets sometimes require a broken
power-law form in order to fully capture the shape of the broadened reflection spectrum
in which case we have two irradiation indices (q1, q2) and a break radius [35, 36, 37]. A
non-parametric treatment of the irradiation profile [38] confirms the appropriateness of
a broken power-law form.
3.4. A worked example : the spin of the SMBH in NGC3783
In principle, the procedure to determine SMBH spin is now straightforward. We take
a high signal-to-noise X-ray spectrum of an AGN with a high throughput observatory
such as XMM-Newton, Suzaku or NuSTAR. We then compare model spectra (such as
illustrated in Fig. 2 [right]) with the observed spectrum and, using standard techniques
(e.g. direct χ2-minimization or Monte Carlo Markov Chain [MCMC] methods),
determine the best-fitting values and error ranges on all model parameters, including
spin.
However, AGN possess complex structures in addition to the accretion disk,
including winds of photoionized plasma that are blown off the disk as well as large-scale
cold structures that may act as the reservoir for the accretion disk. These structures
imprint their own patterns of absorption, emission and reflection on the X-ray spectrum
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Figure 4. Spin constraints on the SMBH in NGC3783 from the 2009 Suzaku
observation. Left panel : ∆χ2 as a function of the spin parameter a. Different
lines show the effects of different data analysis assumptions; a fiducial analysis (black),
an analysis in which the warm absorber parameters are frozen at their best values
(red), an analysis in which the cross normalization of the two Suzaku instruments (the
XIS and HXD/PIN) are allowed to float (blue), and an analysis that ignores all data
below 3 keV (green). Figure from [36]. Right panel : Probability distribution for spin
parameter a from a Monte Carlo Markov Chain (MCMC) analysis using the fiducial
spectral model. Figure from [45].
and these must be included in our spectral model. We illustrate this with a discussion
of the AGN in the spiral galaxy NGC3783, one of the targets of the Suzaku Key Project
on BH spin. Figure 3 shows the ratio of the Suzaku data to a reference power-law
model. The soft X-ray spectrum is dominated by an absorption feature from a highly-
subrelativistic wind of photoionized plasma flowing away from the BH (the so-called
warm absorber, [40, 41, 42, 43]). This absorption can be accurately modeled by spectral
synthesis codes such as xstar [44]. Shifting attention to the iron-K band around 6 keV,
we see in Fig. 3 a strong narrow iron line due to the fluorescence of cold gas that is
distant from the SMBH. This can be accurately described by a low-ionization X-ray
reflection spectrum.
Our final spectral model must include all of these additional components (with their
associated parameters), and the spin constraints must be derived marginalizing over all
other parameters. Figure 4 shows the constraints for NGC3783 derived by both a simple
χ2 minimization procedure and an MCMC approach. Both approaches constrain the
spin to be a > 0.89 at the 90% confidence level [36, 45]. Figure 5 illustrates precisely
how the models are constraining the spin by showing the residuals between the model
prediction and the data when the “wrong” spin is forced into the fit. We see that, when
a non-spinning BH is imposed in the fit to the NGC3783 data, the broad iron line is too
narrow and over-predicts the flux in the 5–6 keV band. For further detailed discussion
of the statistical robustness of these fits, including a treatment of the subtle statistical
correlation between BH spin and iron abundance, see [45].
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Figure 5. Left panel : Suzaku/XIS spectra overlaid with the best fitting model (top)
and the corresponding data/model ratio (bottom). Right panel : Same, except that the
spin parameter has been frozen at a = 0 and (for physical consistency) the irradiation
indices have been frozen at q1 = q2 = 3. All other parameters have been allowed
to fit freely. For both panels, the model components are colored as follows: absorbed
power-law continuum (red), distant reflection (green), and relativistically smeared disk
reflection (blue). Figure from [45].
3.5. Health warnings
As in any field of experimental physics, we must be aware of the systematic errors in
our measurements or, worse, the possible ways that our methodology may completely
fail to capture the reality of a given astrophysical source. Here, we walk through some
of the main concerns relevant for SMBH spin measurements.
The single biggest concern is that, in some sources, we may be fundamentally mis-
characterizing the spectrum. In [46], it is shown that multiple absorbers that partially
cover the X-ray source can mimic the relativistically-blurred reflection spectrum, at least
in the 0.5–10 keV band. A significant issue faced by these models is their geometric
plausibility — the absorbers are postulated to be some significant distance from the
SMBH (r ≫ 100M) whereas the X-ray source is very compact, lying within 10M
of the SMBH (the compactness of the X-ray source has recently been confirmed by
gravitational microlensing studies of multiply-lensed quasars, e.g. [47]). Thus, partial
covering of the X-ray source requires either a very special viewing angle (so that our
line of sight just clips the edge of the absorber) or a finely clumped wind with tuned
clumping factors (such that, at any given time, ∼ 50% of our sight-lines to the compact
source are covered by clumps). Still, it is important to address this model from a
hard-headed data point of view. This was recently achieved using a joint XMM-
Newton/NuSTAR observation of the AGN in the spiral galaxy NGC 1365 that, for
the first time, allowed a high-quality X-ray spectrum of an AGN to be measured in the
0.5–60 keV band. As reported in [48], the canonical partial-covering absorption model
can fit the 0.5–10 keV spectrum but fails when extrapolated up to the higher-energy
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portion of the spectrum. Adding in an extra component partial covering component
that is marginally optically-thick to Compton scattering can produce agreement with
the observed spectrum, but then the inferred absorption-corrected luminosity of the
AGN would exceed the Eddington limit and hence this solution would be unphysical. It
was concluded by [48] that the data strongly favor the relativistic disk reflection model
over partial-covering absorption.
Within the disk reflection paradigm, there are some important issues to note.
Firstly, our method assumes that the accretion disk observables truncate at the ISCO;
the spin constraint is almost entirely driven by this fact. While there is support for
this assumption from MHD simulations of accretion disks [23, 24], our knowledge of
disk physics is incomplete. In particular, the inner accretion disk may be subject to
visco-thermal instabilities that could, sporadically, truncate disk outside of the ISCO.
Although there is no evidence for this transitory disk truncation in most AGN, there
is an important class of AGN that do appear to show this phenomenon – the broad-
line radio galaxies (BLRGs). BLRGs are in our target range of accretion rates, display
the strong optical/UV/X-ray emission characteristic of a geometrically-thin accretion
disks and corona, but also possess powerful relativistic jets. The jet experiences abrupt
and sporadic injections of energy (i.e., geyser-like eruptions) and, during one of these
injection-events, the inner regions of the thin-disk appear to be destroyed before refilling
back down to the ISCO[49, 50, 51, 52]. Thus, some monitoring of the object is required
to know whether the spin measurement can be considered robust or not [52].
Secondly, there is the question of which aspect of the data is driving the fit. In the
most robust cases, such as NGC3783 discussed in Section 3.4, the constraint is clearly
driven by the profile of the broad iron line. However, in addition to the broad iron
line, the ionized reflection spectrum also contributes to the soft part of the spectrum
(< 1 keV); the forrest of emission features in the soft reflection spectrum are broadened
into a pseudo-continuum that produces a rather smooth “soft excess” in the spectrum.
Many sources do indeed display a soft excess and, in some cases, the high signal-to-noise
in the soft part of the spectrum can drive the constraints on the spin parameter. If the
observed soft excess is truly due to disk reflection, this is a valid and powerful use of the
data. However, there are other possible origins for the soft excess, most notably inverse
Compton scattering of UV photons from the cold disk by “warm” material (possibly a
“chromosphere” lying on the disk surface). Thus, in some sources, the origin of the soft
excess and the value of the spin parameter are coupled questions that are still under
examination (see detailed discussion of this issue for the luminous AGN Fairall 9 in
[53]).
3.6. Survey of current results
Without further ado, we present the current state of the field of SMBH spin
measurements. Over the past few years there have been an explosion in the number
of published SMBH spin measurements, including samples by Walton et al. [54] and
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Figure 6. Masses M and spin parameters a of the 19 SMBHs for which both
parameters are constrained. Following the conventions of the primary literature, the
spin measurements are shown with 90% error ranges, whereas the masses are shown
with 1σ. This is an updated version of a similar figure appearing in [56].
Patrick et al. [55]. Spins have been published by multiple groups and, in the same
timeframe, the spectral models and methodologies have been improved. Thus, with
some hindsight, one cannot simply harvest SMBH spin measurements from the literature
without exercising caution. Following [56], we propose filtering the published values with
quality-control criteria; (i) the spin measurement is based on spectral models employing
full disk reflection spectra and not just isolated “pure iron line” models, (ii) the iron
abundance is treated as a free parameter (required since iron abundance and spin are
correlated variables), (iii) the inclination is treated as a free parameter and can be
constrained (this helps protect against fits that are driven purely by the soft excess), (iv)
the irradiation index can be constrained and fits to give q > 2 (required for a well-posed
model in which the reflection spectrum is not unphysically dominated by the outer disk
radius). These filter criteria eliminate 13 sources from the Walton [54] and Patrick [55]
samples; the excluded sources span the range of AGN type and luminosity. Taking the
compilation described in Table 1 of [56] and updating with the XMM-Newton/NuSTAR
result on NGC1365 [48] and the multi-epoch study of 3C120 [52], we now have spin
constraints on 22 AGN that satisfy the quality control criteria.
In Fig. 6 we take the 19 of these objects that also have mass estimates (from various
techniques; see [56]) and place them on the (M, a)-plane. There are several interesting
points to note about this plot. Firstly, there is clearly a population of rapidly spinning
BHs (a > 0.9), especially below masses of 4 × 107M⊙. This is a strong indication that
these SMBHs grew (at least in their final mass doubling) by the accretion of gas with a
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Figure 7. The 2–10keV Rossi X-ray Timing Explorer light curve of the AGN MCG–
6-30-15 from a long observation in August 1997.
coherent angular momentum. Secondly, there are some SMBHs for which intermediate
spins (0.4 < a < 0.8) are inferred, and these tend to be the highest mass systems
(M > 4 × 107M⊙). While the small number statistics and ill-defined selection effects
prevent firm conclusions from being drawn, this may be the first hints for a mass-
dependence to the SMBH spin distribution, with a more slowly spinning population
(corresponding to growth via BH-BH mergers or incoherent accretion [57]) emerging
at the highest masses. Lastly, there are no retrograde spins measured even though
our technique is capable of finding them. A single epoch analysis of the BLRG 3C120
suggested an accretion disk truncated at r ∼ 10M , possibly indicating a rapid retrograde
spin [58], but a multi-epoch analysis revealed that this was a rapidly-rotating prograde
BH with a disk that undergoes transitory truncation related to jet activity [52].
3.7. The emerging field of broad iron line reverberation
An important characteristic of accretion onto BHs that we have not yet addressed is
the time-variability. Fundamentally, the variability is driven by a combination of local
instabilities (such as the magnetorotational instability that drives MHD turbulence [22])
and more poorly understood global instabilities (that may drive limit-cycle or explosive
behavior). In AGN, this variability is particularly dramatic in the X-ray band since this
emission comes from the central regions of accretion disk (where all of the characteristic
timescales are shortest) and originates from a corona which may be unstable to, for
example, reconnection-driven eruptions. An example X-ray light curve from the Rossi
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Figure 8. Relativistic transfer function showing the response of a 6.4 keV iron line
from the disk surface to a δ-function flare in the driving X-ray continuum source. For
the purposes of this illustration, the continuum source is assume to be a point source
on the spin axis at r = 10M , the BH is rapidly spinning a = 0.998 and the accretion
disk has an inclination of i = 30◦.
X-ray Timing Explorer (RXTE) is shown in Fig. 7.
Since the X-ray source is elevated off the disk surface, we can use this rapid
variability to “echo map” the reflection from the inner accretion disk. In essence, by
characterizing the time-delays between flares in the direct X-ray continuum and the
reflection spectrum, we can map out the geometry of the SMBH/disk/corona system.
This was examined theoretically by the author some years ago [59] who computed
transfer functions relating the observed response of the iron-Kα emission line from the
disk to a δ-function continuum flare. An example of such a transfer function for a rapidly
spinning BH (a = 0.998) is shown in Fig. 8. Beyond the obvious fact that the time-
delay gives information on the actual location of the X-ray source (something which is
hard to obtain via a pure spectral analysis), it is interesting to note that the transfer
function bifurcates into two branches. The upper branch corresponds to the normal
echo sweeping out to larger radii (and irradiating more slowly moving material) giving
an ever narrowing line. The lower branch corresponds to strongly Shapiro-delayed [60]
reflection from the very innermost regions of the disk close to the event horizon. The
slope of this branch is a function of the spin parameter a, especially when the BH is
close to extremal.
While our observatories do not yet have the collecting area to allow us to see this
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Figure 9. Right panel : Time-lags as a function of energy (i.e. the lag-spectrum) for
the XMM-Newton data of the bright AGN NGC4151. Show here is the lag-spectrum
for temporal frequencies < 2 × 10−5Hz (blue triangles) and (5 − 50) × 10−5Hz (red
diamonds). Left panel : Simple Gaussian fits to these lack spectra, demonstrating
that the iron-line feature in the lag spectrum has a centroid energy that decreases and
(marginally) a width that increases as one probes high temporal frequencies. Figure
from [61].
response of the iron line to a single flare, reverberation has recently been discovered via
statistical analyzes of long XMM-Newton datasets of bright AGN. The analysis is subtle
and must account for the fact that (i) there is no single time-delay that characterizes
the response of the reflection continuum and, in fact, the measured time delays are
both a function of energy and the temporal-frequency being probes; and (ii) the direct
continuum source itself has intrinsic energy- and temporal-frequency dependent time
lags. Most analyses use Fourier methods. For two given (non-overlapping) energy bands,
time-sequences of X-ray flux (a(t) and b(t)) are extracted and their Fourier transforms
(a˜(ω) and b˜(ω) )are computed. We then form the cross-spectrum C(ω) ≡ a˜∗b˜, which we
can write in terms of a frequency-dependent amplitude and phase, C(ω) = |C(ω)|eiφ(ω).
The frequency-dependent time-delay between the two lightcurves is then given by
∆t = φ(ω)/ω.
The first detections of reverberation from the inner accretion disk were made
by probing delays between the continuum and the soft excess [62, 63, 64]. However,
recently, there are clear detections of reverberation associated with the broad iron line
[61, 65, 66]. Figure 9 shows the first such detection of broad iron line reverberation in
the bright AGN NGC4151. The magnitude of the lags suggests that the X-ray source is
displaced ∼ 4M above the center of the disk; this is not necessarily a natural location
for strong coronal emission and may suggest that the X-ray source is actually associated
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with the dissipative base of a jet or some other dissipative structure associated with a
BH magnetosphere. The exact shape of the lag-spectrum depends upon the temporal
frequency being probes, with the line appearing broader and more highly redshifted at
higher temporal-frequencies. This is expected since the higher temporal-frequencies are
probing smaller radii in the accretion disk, and suggests that we are gaining our first
hints at the nature of the transfer function.
One important point to note (in the spirit of a sanity check) is that the size/location
of the X-ray source as inferred from X-ray reverberation is broadly consistent with
recent estimates derived from a completely different technique, studies of microlensing
in multiply lensed quasars [67, 68].
4. Conclusions
In this review, we have summarized the methodology by which we can measure SMBH
spins using X-ray reflection spectroscopy and have described the current status of such
measurements. Today, we have spins for approximately two dozen SMBHs; we find
a population of rapidly rotating BHs (a > 0.9) but hints of a more slowly rotating
population emerging at higher SMBH masses. The main limitation to applying this
technique more widely are the long integration times needed with current observatories
in order to obtain spectra with sufficient signal-to-noise. The next generation of
proposed high throughput X-ray observatories such as LOFT, ATHENA+ and AXSIO
will permit us to push these studies to fainter and more distant objects. This, in turn,
will allow well-defined samples to be obtained and permit investigations of the SMBH
spin distribution as a function of cosmic time. These high-throughput observatories will
also unlock the full power of reverberation studies, allowing us to detect strong-field
Shapiro delays in the reverberation transfer function.
The long term future of SMBH spin measurements will likely be dominated by
space-based GWA, once such observatories are deployed. GWA will permit SMBH
spin measurements with a precision and accuracy probably unattainable with X-ray
spectroscopy. However, given the uncertain timeframe for the deployment of space-based
GW observatories, it is interesting to pursue electromagnetic probes of SMBH spin as
vigorously as possible. We end this review by mentioning a few other electromagnetic
techniques that have been discussed or are actively being developed.
If the accretion disk is efficient at radiating away the gravitational potential
energy of the accreting matter, the overall efficiency of the accretion disk (defined as
η ≡ L/M˙c2, where L is the total radiative luminosity of the system and M˙ ≡ dM/dt)
is a function of spin. With some work, the total L can be estimated straightforwardly.
The mass accretion rate M˙ is more challenging to constrain, but it can be estimated
through the detailed temperature/shape of the thermal emission from the accretion
disk. Applying this method to a sample of 80 quasars, [69] found tentative evidence
for efficiencies (and hence spin parameters) that increase with increasing SMBH mass.
Of course, this is discrepant with the result presented in Fig. 6 — future explorations
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of this discrepancy must properly account for selection effects as well as the systematic
errors in the efficiency-based measurements.
One interesting technique focuses on powerful jetted systems. If we assume that
the jets are powered by the Blandford-Znajek (i.e. magnetic Penrose) process, and if we
can make an estimate of the magnetic field in the immediate vicinity of the BH (from
accretion theory), then the BH spin parameter can be determined once the jet power
is measured. Practical difficulties include the significant uncertainty in deriving jet
powers from observables (which may be strongly influenced by an unknown relativistic
beaming factor). However, it is encouraging that a careful application of this method
[70] produces results that are sensible; given the analytic approximation used to relate
spin and jet power, it would be possible to infer a > 1, but the observed population of
AGN seem to obey the constraint |a| < 1.
Of course, a tremendous amount of observational firepower (including a recent 3Ms
campaign by Chandra) has been directed at the SMBH at the center of our own Galaxy
(coincident with the radio source Sgr A∗). Unfortunately, the X-ray reflection technique
cannot be applied here — the accretion rate is extremely small, and the disk is believed
to be in a hot, geometrically-thick (quasi-spherical) state that is optically-thin to X-
ray emission and hence does not produce any X-ray reflection features [71, 72]. Instead,
calculations of photon production/propagation through GR-MHD simulations of the hot
flow have been used to make predictions of the radio spectrum and frequency-dependent
polarization as a function of system parameters. In principle, comparison with the
observations can then constrain the spin. However, due to the inherent uncertainties in
the calculation of this complex radio continuum, the constraints to date have not yet
proved conclusive, with some groups obtaining high inferred spin [73, 74] and others
obtaining rather lower values [75].
Another particularly exciting development, again aimed squarely at Sgr A∗ and
the SMBH in the nearby elliptical galaxy M87, are the attempts to directly image the
horizon-scale structures using mm- or submm-wave Very Long Baseline Interferometry
(VLBI). At these short radio wavelengths, the accretion flow is optically-thin to
synchrotron self-absorption and hence we might hope to see the shadowing effect of
the event horizon against the background radio emission [76]. The properties of the
shadow depend upon the spin (and spin-orientation) of the SMBH [77, 12]. Great strides
have already been made towards the goal of detecting these structures, with current
interferometry being able to detect horizon scale structure but with an insufficient
number of baselines to enable true image reconstruction [78]. In M87, current data
have also resolved a compact (10M) structure possibly related to the jet-launching
region [79] which may, itself, probe SMBH spin as well as jet launching [74]. It will be
exciting to watch these developments in the next few years.
Throughout this review, we have assumed the validity of standard GR (and hence
the Kerr metric) and have focused on attempted to extract the spin parameter. A more
ambitious problem is to use (electromagnetic) observations of accreting black holes to
explore deviations from and/or extensions to GR [80, 81, 82, 83, 84]. A generic difficulty
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encountered in these studies is that, to lowest order, the deviations from GR are present
in the quadrupole moment of the potential and hence are degenerate with the spin
parameter. Still, the implications are profound, and increasingly detailed studies of
BH systems with electromagnetic and, eventually, gravitational wave probes remain our
best hope for breaking GR.
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